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ABSTRACT 


Aircraft  gas  turbine  engines  in  the  Mach  2  to  3  range,  now  in  the 
development  stage,  will  require  lubricants  considerably  more  stable  to 
oxidation  (to  than  present  jet  engine  lubricants.  Fluoroesters 

and  polyphenyl  ethers  are  among  the  potential  high-temperature  lubri¬ 
cants  being  considered  for  this  application.  It  has  been  discovered  at 
NRL  that  a  high  degree  of  oxidation  stability  can  be  imparted  to  these 
fluids  by  a  variety  of  metals  and  organomet^  compounds. 

Three  fluoroesters  and  a  polyphenyl  ether  [  bis(phenoxy-phenoxy)- 
benzcnc]  were  subjected  to  oxidizing  conditions  at  relatively  high  tem¬ 
peratures  (437“to  650“j^  in  the  presence  and  absence  of  the  metals  and 
organometal  compounds,  and  data  were  obtained  to  show  the  oxidation 
inhibition  due  to  the  additive.  These  data  included  viscosity  change  at 
100'’F,  neutralization  number  increase,  evaporation  loss,  corrosivity  to 
metals,  and  sample  appearance. 

At  437“F  copper  and  steel  improved  the  stability  of  the  fluoroalcohol 
(ij/' -alkyl)  esters  of  3-methylglutaric  and  camphoric  acids.  At  482  “F, 
the  camphorate  was  substantially  stabilized  by  copper,  barium,  monel, 
and  chromium;  by  toluates  or  benzoates  of  barium,  nickel,  chromium, 
cobalt,  manganese,  praseodymium,  titanium,  ytterbium,  and  strontium; 
l)y  cerium  disalicylalpropylene  diamine  and  cerium  (ij/'-heptyl)  hydrogen- 
3-methylglutarate;  and  by  the  conper  salts  of  perfluoroundecanoic  acid, 
(if/'-hcptyl)  hydrogen  3-methylglutarate,  toluic  acid,  and  phenylstearic 
acid. 

nis(i//'-amyl)2,2'-dipbenate  possessed  generally  high  inlierent  sta¬ 
bility  up  to  617“  F.  Some  TIF  was  evolved,  however,  which  was  greatly 
reduced  by  thepresenceof  copper.  At  6  42  “F  the  ester  underwent  exten¬ 
sive  pyrolysis,  which  the  inhibitors  did  not  prevent. 

The  polyphcnyl  ether,  bis(phenoxy-phenoxy)benzene,  was  effectively 
protected  from  oxidation  at  600“f  by  copper,  cupric  toluate,  Euid  ceric 
toluate.  At  t)'.>o  r  cficclivL'  hiidbiioi  o  Aei  c-  bai  iuiVi  rnctal,  and  the  toluates 
or  benzoates  of  barium,  manganese,  cerium,  nickel,  lead,  praseodymium, 
cotialt,  chromium,  titanium,  and  ytterbium. 

The  degree  of  stability  given  to  these  fluids  increases  interest  in 
them  as  potential  high-temperature  lubricants  for  aircraft  gas  turbines 
in  the  Mach  2  to  3  range. 


FROBLEM  STATUS 

'this  is  an  interim  report;  work  on  this  problem  is  continuing. 
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ANTIOXIDANT  ACTION  OF  METALS  AND  ORGANOMETAL  COMPOUNDS 
IN  FLUOROESTERS  AND  POLYPHENYL  ETHERS 


INTRODUCTION 

Power  requirements  for  jet  aircraft  have  increased  manyfold  since  World  War  H, 
concomitantly  imposing  more  stringent  demands  on  engine  lubricants.  One  property 
critical  to  the  satisfactory  performance  of  these  lubricants  is  resistance  to  oxidation. 

Experience  with  petroleum  oils  and  aliphatic  diester  fluids  has  taught  that  if  metals 
have  any  effect  on  lubricant  stability,  it  is  generally  adverse.  Certain  metals,  copper 
being  a  notable  example,  are  considered  to  be  particularly  deleterious  in  this  respect. 

It  is  customary,  therefore,  for  laboratory  tests  which  attempt  a  realistic  measure  of  the 
oxidation  stability  of  lubricants  to  specify  the  inclusion  of  the  metals  of  construction  per¬ 
tinent  to  the  application  for  which  the  fluid  is  to  be  used. 

The  present  investigation  is  concerned  with  a  study  of  the  oxidative  stability  of  flu- 
oroesters  and  aromatic  polyethers,  both  potentially  useful  as  high -temperature  jet  air¬ 
craft  engine  lubricants,  and,  more  particularly,  with  the  unexpected  resistance  to  oxidation 
at  high  temperatures  imparted  to  them  by  certain  metals  and  salts.  The  results  are  remi¬ 
niscent  of  those  obtained  during  a  parallel  investigation  of  the  high -temperature  inhibition 
of  silicones  (4). 

There  are  few  data  available  on  tlie  use  of  organometal  compounds  as  oxidation  inhib¬ 
itors.  Naphthenates  of  copper  and  cobalt  have  been  reported  to  enhance  synergistically 
the  activity  of  phenolic  antioxidants  in  lubricating  oils  (14).  Dispersions  of  inorganic 
salts  of  alkali  metals  are  reported  to  have  antioxidant  properties  in  lubricant  compositions 
containing  petroleum  and  synthetic  esters  (22). 

To  piace  in  proper  perspective  the  oxidation  stability  requirements  for  high- 
temperature  jet  engine  lubricants,  it  will  be  useful  to  review  briefly  the  development  of 
both  the  engines  and  the  lubricants.  Early  jet  engines,  such  as  the  J-33  and  J-34,  devel¬ 
oped  thrusts  of  3,000  to  6,000  lb.  Sump  temperatures  were  of  the  order  130°  to  150°F  and 
oil-out  temperatures  at  the  bearings  were  210°  to  260°F.  These  engines  were  lubricated 
adequately  with  petroleum  oils,  grades  1005  and  1010,  conforming  to  military  specifica¬ 
tions  (24).  The  specification  corrosion-oxidation  test  required  that  the  lubricant  be  stable 
at  250°F  for  72  hours,  which  may  be  taken  as  an  indication  of  the  stability  required  of 
them  under  service  conditions.  In  the  early  1950’s  engines  (e.g.,  J-57  and  J-79)  in  the 
Mach  1  to  2  range,  with  tlirusts  of  from  10,000  to  16,000  lb  came  into  general  use.  These 
engines  currently  power  the  majority  of  U.  S.  firstiine  fighter  aircraft.  Sump  tempera¬ 
tures  range  from  230°  to  275°F,  and  oil-out  temperatures  from  340°  to  400°F.  The  oxi¬ 
dative  stresses  to  which  the  lubricants  lor  Uiese  engines  arg  subjected  are  of  such  mag¬ 
nitude  that  petroleum-based  fluids  cannot  be  employed  because  of  their  rapid  deterioration. 
Aliphatic  ester-based  fluids  (2,9,11),  however,  when  properly  inhibited  with  an  efficient 
antioxidant  such  as  phenothiazine  (21),  have  proved  to  be  eminently  satisfactory  lubricants 
lor  these  engines.  The  specification  (17)  covering  these  fluids  requires  that  they  withstand 
a  corrosion-oxidation  test  at  347°F  for  72  hours. 


Jet  engines  such  as  the  J~58  and  J-93,  now  in  the  development  stage,  are  in  the  Mach 
2  to  3  range  and  have  thrusts  of  from  18,000  to  26,000  lb.  Sump  temperatures  range  from 
300“  to  450°F,  and  oil-out  temperatures  may  attain  650"F.  Although  a  lubricant  specification 
(16)  for  these  engines  has  been  written,  based  on  trimethylolpropane—Lypo  esters,  i.o  oils 
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presently  qualify  under  it.  In  the  i)ri(Unal  veu-sion  of  the  specification,  a  500“f  corrosion- 
oxidati'-.n  test  was  h.stcd  but  proved  to  be  of  no  practical  value  because  no  oil.s  could  be 
found  to  meet  the  stability  requirement.s  (G).  No  corrouion-oxidaticn  roquiremenl  is 
incorporated  in  the  latest  version  of  llii.s  specifit^ation  (16).  In  all  of  the  specifications 
noted  above,  the  corrosion-oxidation  iests  provide  for  various  metal  specimens  to  be 
present,  botli  to  simulate  engine  conditions  and  to  catalyxo  oxidative  breakdown  of  the 
lubricants. 


EXPERIMENTAL  PKOCEDURK 

liocause  .some  of  the  oxperimeiitnl  fluids  loi'  this  study  were  available  only  in  limited 
quantities,  it  was  not  feasible  to  evaUiale  their  eorro.sion-oxidation  .stabilily  according  to 
current  sland.ard  methods,  whu-h  require  up  to  seveia!  hundred  inillilitci  s.  pi-,  run.  There¬ 
fore,  colls  wore  ein|jloyod  wliicji  require  samjile  volumes  of  only  HO  nil  (H,H3).  'ITiO  cells 
were  con.sti'ucted  of  borosiUeale  glass,  as  ar<-  all  eorrosioii  -oxidal  ion  colls  deseribod  in 
niilU'iry  .specifiealions,  and  were  niainl.-ined  at  the  desired  tost  Iciuperatures  m  llier-- 
niostatted  aluminum  block  furnaces.  Clean  air,  lieed  of  CCl,  and  nunslure,  was  bubbled 
through  tlie  .samiilen  at  the  rale  ot  I  re  ;>as.'gni  .■ciiniilc/niiii.  Metal  siieci miais  preseiu 
generally  had  surface  areas  ol  10  squa  • (  enliinelei  s. 

TIh’  (lata  obtained  on  oxidized  od;,  iv'iicr.illv  included  viscosity  change  ai  I00“F, 
ueulralizaliou  number  iiicrmise,  evaiiorac. .a  lose.,  corrosivity  to  metals,  and  sainjile 
appc'arance.  In  a  nuinlx'r  iit  tluoA'oester  >  ir.s  the  ellUients  were  passed  into  v/ator  traps, 
afti'r  which  the  (IE  contc'iils  of  Ihe  l  rap  iiiirid.',  were  delernnuecl  by  file  lead  chlorofluoride 
ini'lhod. 

All  ol  llie  rompouiid;.  employed  as  .iddpives  ;n  the  s.liidy  were  prepared  at  this  l.abo- 
calory.  .SyiiUiesis  ol  the  copper  iiid  cci-i'im  r.aiis  of  "i-cymollLioi  iue  -coiUainiiij',  comijouads 
ha.s  been  reported  (Hli).  MxcepI  ior  eeriiim  odiiate,  ib  ol  Hie  metal  beii/optes  and  lolua.tcs 
were'  prepared  by  a  donlile  deroniposii  mu  leaclioii  brlwc-en  aijneou.-i  solutions  ol  Ihe  sodium 
satts  of  the  organic  acid  and  Hie  ehloride  oi  ihe  appropi  late  metal.  L'eric  loluate  was 

,i.Ci>are:,l  l;y  the  reaeti;::;  ol  ccr;;:  ;::o;o"'pox!d"  "-i"'  C'l .  '■•I'l  fH  Co .-iu  i,-y iai ■■ 

propylene  diamine,  C('(()SPI)),  was  prep.i  red  by  Irtsilii.;;  eerie  ainmonumi  nitra'e  V/U.h 
sodium  Uiluale;  Ihe  resulting  basic  eerie  loluale  wtis  n  aeU  d  with  OHIO)  lo  torni  eerie 
(DSl’D)  (3).  Even  in  the  low  eoneeni  ralions  employed,  none  of  ihese  aeiditivns  was  e.om - 
plelely  .soluble  in  the  lest  fliitUs.  ii  was  iherelore  dillieull  to  deici  niine  ai  the  conclusion 
ol  Ihe  luajority  of  runs  whether  Ihe  insoluble  innicri.H  foimd  was  iindissolved  aelditivo,  or 
sludge  formed  duriow  H,,.  itxld.Uion.  in  general,  all  siieii  nialerial  was  reported  as  .sludge. 


OXIDATION  STUDIES 
Eluorinaled  Kster.s 

Combination  ol  Metals  I’resoni  •  iN-ovjous  iavestigalior.::  have  nubcalcd  That  esters 
roni  polybasic  arms  ana  liuuroaicuiuji.s  uy’  -alcoiiols)  of  llie  geiic-iu.J  luin.-iila  iUCE-CT’-^l 
cumuli  wore  unu.suaiiy  si  able  in  o.xidalion,  even  in.  Uie  absence  of  conveulional  inhibitors 
(13, 15, If').  In  tliose  stuuies  the  fluids  were  m  eontacl  with  a  combination  of  some  of  Uic 
metals  used  in  speeifieation  oxidation  corrosion  te.st.s  (10,17),  generally  copper,  .steel, 
and  silver-plated  steel.  In  Table  >,  oxidalion  exporin s.ut.s  under  These  conditions  arc 
summarized  for  e.slers  of  3-metJiylgluluric,  camphoric,  and  H,H'  diphenic  acids.  Esiers 
of  boui  3-  inethylglutaric  and  camphoric  acids  dei- uusiratofl  excellent  resistance  to  o.xi 
dation  at  437'’f  as  evidenced  by  small  viscosity  ch.anges  and  acid  numbers,  mhiimum 
fluoride  evolution  (reporH-d  fo-  the  c.iniphoratc-  oiHv.i  roul  excellcnr  sample  appeaianco. 

At  482”F,  oxidative  changes  in  Ule  fluids  were  uvideiii.  Kluoi  opstei-.-^  fioni  the  more  stable 
aromatic  acids  are  more  oxidation  resistant  than  then  .malogs  Ironi  ahnliatic  acids. 

Thus,  after  '12  hours  at  52V"f,  bis(if/'-  ainyl)2,?.'  -diphen:itu  stiowed  iitiie  Uegiadative  change. 
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No  Metals  Present  -  When,  in  the  course  of  the  present  investigation,  the  experiments 
summarized  previously  were  repeated,  except  that  no  metals  were  present,  an  unexpected  and 
significant  decrease  in  the  stability  of  the  fluids  resulted  (Table  1).  The  m.ore  outstanding 
of  tliese  stability  changes  due  to  the  absence  of  metals  are  noted  below. 

1.  (Bis(i//'-amyl)3-methylglutarate  at  437“f  for  168  hours.  The  neutralization  num¬ 
ber  rose  from  7.2  to  215. 

2.  Bis(i//'-heptyl)3-methyglutarate  at  437“F  for  168  hours.  The  lOO^F  viscosity 
increase  rose  from  0.5  to  72  percent  and  the  neutralization  number  from  0.07  to  21.  At 
482"f,  the  viscosity  increase  rose  from  1.8  to  46  percent  and  the  neutralization  number 
from  1.2  to  11.  Although  the  viscosity  increase  and  generation  of  acids  were  greater  at 
437°  than  at  482°F,  there  was  much  more  sludge  formed  at  the  hi^er  temperature,  a 
possible  indication  that  the  oxidation  reactions  followed  different  courses. 

3.  The  camphorate  from  mixed  fluoroalcohols  at  437°F  for  168  hours.  The  viscosity 
increase  rose  from  5.2  to  64  percent,  the  neutralization  number  from  0.06  to  7.7,  and  the 
evolved  fluoride  from  0.19  to  4.1  mg/g  sample.  (At  437°F  with  the  stated  metals  present, 
this  ester  was  more  stable  with  regard  to  viscosity,  acidity,  and  fluoride  evolution  tlian 

it  was  at  392“f  witli  no  metals  present.)  Exposure  to  482°F  for  72  hours  or  longer  caused 
the  camphorate  without  metals  to  gel;  it  was  still  fluid,  however,  after  168  hours  at  this 
temperature  with  the  three  metals  present. 

4.  Bis(U/'-amyl)2,2'-diphenate  at  527°F  for  72  hours.  The  fluoride  evolved  increased 
fi’om  0.11  to  5.3  mg/g  sample  although  in  other  respects  no  significant  differences  were 
noted. 


Individual  Metals,  or  Organocopper  Compounds  Present  -  It  was  apparent  from  the 
results  that  the  stabilities  of  tlie  fluordalcohol  esters  of  3-methylglutaric,  camphoric,  and 
diphenic  acids  are  measurably  improved  by  contact  with  the  combmation  of  steel,  copper, 
and  silver-plated  .steel.  The  analogy  to  be  drawn  between  these  results  and  those  from 
previous  investigations  on  the  high-temperature  stabilization  of  silicone  fluids  by  both 
metals  and  organometal  compounds  was  inescapable.  In  these  latter  studies  it  was  demon¬ 
strated  that  the  stable  life  of  lightly  phcnylated  polymethyl  silicones  was  extended  several- 
fold  when  they  were  in  contact  with  a  combination  of  chelatmg  agents  and  certain  metals, 
most  notably  copper  (4).  To  separate  the  effects  produced  in  tiie  fluoroesters  by  each  of 
ihe  three  metals  previously  employed  in  combination,  the  fluids  were  subjected  to  oxida¬ 
tion  in  the  presence  of  the  individual  metals.  Following  out  the  analogy  to  the  silicones, 
these  fluids  were  also  oxidized  with  organocopper  compounds  present. 

In  'I’able  2  ai-e  summarized  experimental  results  demonstrating  tliat  both  copper  metal 
and  copper  compounds  impart  a  high  degree  of  oxidation  stability  to  fluoroesters  from 
both  camphoric  and  3-methylglutaric  acids;  conversely,  steel,  stainless  steel,  or  organo- 
cerium  compounds  have  little  or  no  beneficial  effects.  For  comparison,  data  on  the  sta¬ 
bility  of  die  fluids  '.vith  neither  metals  nor  salts  present  are  included  in  Table  2. 


Mdj’kod  l^cncf'Cicil  x*cspcnscc  Ic  copper  wore  chov/n  by 
at  437'’f,  and  by  the  corresponding  bis(i//'-heptyl)  compound  at  482°F.  .After  168  hours, 
the  neutralization  number  of  the  former  compound  in  the  presence  of  copper  was  only 
0.03  as  compared  witli  215  in  the  absence  of  metals.  Similarly,  with  copper  present  the 
neutralization  number  of  the  latter  compound  was  0.18  as  compared  with  11  in  its  absence, 
and  tne  percent  viscosity  increase  was  4.6  instead  of  46.  Both  copper  (i;/'-heptyl)3- 
acthyiglutarati;  and  copper  phenylstearate  stabilized  bis(i//'-heptyi)3-methylglutarate,  but 
not  as  elfectively  as  did  cooper  metai. 


response  of  the  campnorate  ester  to  copper  metal  was  excellent  during  a.  437° F,  168-- 
■  iour  run,  as  evidenced  by  small  visco.sity  and  acidity  increases,  minimal  evolution  of 


Table  2 
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fluoride,  and  satisfactory  sample  appearance.  By  v/ay  of  contrast,  steel  appeared  to 
accelerate  breakdown  of  tlie  ester,  causing  it  to  gel;  silver-plated  steel  was  essentially 
inert,  the  ester  reacting  as  though  no  metal  or  additive  were  present.  Three  copper 
salts  -  the  phenylstearate,  the  toluate,  and  the  perfluoroundecanoate  -  offered  substantial 
improvement  to  the  stability  of  the  ester.  The  copper  perfluoroundecanoate  differed 
somewhat  from  that  of  other  additives  insofar  as  it  permitted  a  larger  viscosity  increase 
tlian  did  the  other  additives  but  at  the  same  time  completely  prevented  the  evolution  of 
fluorides. 

As  already  noted,  72  hours  at  482“f  caused  gelation  of  the  camphorate.  With  copper 
metal  present,  however,  Ihe  viscosity  increase  was  only  2.7  percent;  even  alter  a  168- 
hour  exposure  to  this  temperature  the  fluid  did  not  gel,  although  the  viscosity  increase 
was  215  percent.  Substantial  improvement  in  stability  with  respect  to  viscosity  and  acid¬ 
ity  increases  was  imparted  to  tlie  camphorate  ester  by  the  following  copper  salts:  per¬ 
fluoroundecanoate,  (il/'-heptyl)hydrogen  3-methylglutarate,  toluate,  and  phenylE*earate. 

On  balance,  Uie  copper  (i//'-heptyl)3-raethylglutarate  appeared  to  be  the  most  effective  of 
these  additives,  permitting  viscosity  and  neutralization  number  increases  of  only  1.6  per¬ 
cent  and  1.7  respectively.  The  effect  of  copper  perfluoroundecanoate  at  482“F  was  similar 
to  tliat  at  437“F;  it  permitted  a  substantial  viscosity  increase  but  prevented  the  generation 
of  volatile  fluorides. 

The  aromatic  ester  bis(i//'-amyl)2,2'-diphenate  is  inherently  so  stable  that  improve¬ 
ment  with  additives  is  difficult.  Even  at  617®F,  after  72  hours  the  100“F  viscosity  increase 
was  only  12  percent,  the  neutralization  number  increase  4.4,  and  the  total  fluoride  evolved 
1.8  mg/g  sample  (Table  2).  When  copper  was  introduced  into  the  fluid,  fluoride  evolution 
and  acidity  decreased,  but  the  viscosity  increase  was  essentially  unchanged.  Copper 
toluate  produced  similar  ambiguous  results.  When  the  test  temperature  was  increased  to 
642"f,  the  compound  underwent  extensive  pyrolysis,  as  shown  by  the  viscosity  decrease 
of  92  percent.  Pyrolysis  also  occurred  when  copper  metal  was  present. 

Miscellaneous  Metals  and  Organometal  Compounds  -  In  view  of  these  encouraging 
results  which  resembled  previous  data  obtained  when  silicones  were  stabilized  with  vari¬ 
ous  metals,  metal  .salts,  and  metal  chelates  (4,12),  the  antioxidant  actions  of  a  variety  of 
metals  and  of  salts  in  addition  to  copper  were  ascertained  in  the  camphorate  of  the  flu- 
oroalcohol.  The  results  are  listed  in  Table  3  and,  witli  those  for  ceric  DSPD  excepted, 
refer  to  72-hour  runs  at  482“f.  Of  the  bulk  metals  studied,  barium  and  monel  were  the 
most  effective,  with  chromium  somewhat  less  so.  Nickel  apparently  had  no  antioxidant 
activity,  permitting  the  fluid  to  gel.  Cobalt  was  employed  in  powder  form  and  it  could  not 
be  determined  whether  tlie  tarlike  appearance  of  the  fluid  after  oxidation  resulted  from 
thickening  of  tlie  fluid  due  to  dispersion  of  the  metal,  or  deterioration.  The  effects  of  the 
benzoates  or  toluates  of  the  following  metals  were  determined:  barium,  cerium,  nickel, 
chromium,  cobalt,  manganese,  praseodymium,  titanium,  ytterbium,  and  strontium.  All 
displayed  inhibitory  activity,  the  toluate  of  barium  in  0.1  percent  concentration  being  the 
most  effective,  particularly  with  respect  to  tlie  cleanliness  of  the  fluid  after  the  run. 

The  salts  of  praseodymium,  lead,  chromium,  and  manganese  were  relatively  the  least 
effective.  The  ceric  salts  of  disalicylalpropylene  diamine  (437“f  for  188  hours)  and 
(’.;/■ -heptylj  hydrogen  3-metliylg!utaratc  (482''F  for  72 hours)  were  as  effective  in  prevent¬ 
ing  a  large  viscosity  increase  as  were  the  better  toluates. 

It  is  apparent  from  these  data  that  a  variety  of  metals  with  either  single  or  multiple 
valences,  and  metal  salts,  impart  significant  oxidative  stability  to  fluoroesters  from 
aliphatic  acids. 


Polyphenyl  Ethers 

Among  the  more  attractive  candidates  for  use  an  hig;h-temperature  jot  engine  oils  are 
the  polyptienyl  ethers,  v/hich  have  heen  reported  to  have  good  re.-iisltinre  to  oxidalion. 


Table  3 
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pyrolysis,  and  radiation  (7,8,18,26).  These  compounds  have  reasonably  good  viscosity- 
temperature  characteristics,  high-flash  points,  and  low-evaporation  rates,  provided  their 
molecular  weights  are  in  the  proper  range.  The  meta  isomer  of  bis(phenoxy-phenoxy)- 
benzene  has  received  much  attention  because  in  addition  to  its  possessing  the  desirable 
attributes  listed  above,  it  is  a  liquid  (pour  point  of  40“f),  in  contrast  to  its  ortho  and  para 
isomers,  which  are  hi^-melting  solids.  There  have  been  limited  data  reported  on  amti- 
oxidants  to  improve  the  stability  of  the  polyphenyl  ethers.  Some  promise  has  been  shown 
by  organotin  compounds,  oxides  of  copper,  and  metal  acetylacetonoates  (8,26). 

For  the  present  study,  polyphenyl  ether  samples  were  obtained  from  two  commercial 
sources.  Both  were  mixed  isomers  of  bis(phenoxy-phenoxy)benzene,  with  the  meta  i.snmer 
predominating.  The  fluids  were  equivalent  as  regards  their  stability  and  response  to 
antioxidants.  The  reactivities  of  these  fluids  were  not  perceptibly  affected  by  percolation 
tlirough  adsorbents  to  remove  polar  impurities.  Results  of  oxidation  stability  studies  on 
these  ethers  are  shown  in  Table  4.  As  was  the  case  with  the  fluoroesters,  the  organomctal 
additives  were  essentially  insoluble  in  the  ether. 

After  72  hours  at  500“f,  with  no  metals  present,  the  ether  was  essentially  unchanged. 
With  a  test  temperature  of  572“F,  the  fluid  became  too  thick  for  a  viscosity  measurement. 
The  ether  was  oxidized  to  a  gel  when  exposed  to  600“f  for  48  hours. 

Some  im.provement  in  stability  was  imparted  to  the  ether  at  SOO^F  when  strips  of 
cither  steel  or  stainless  steel  were  present  in  the  oxidation  cell.  In  48-hour  runs  vis¬ 
cosity  increases  were  of  the  order  of  150  to  350  percent  and  the  neutralization  numbers 
approximately  0.5.  More  marked  reduction  of  viscosity  change  was  given  by  copper  metal; 
the  neutralization  number  increases,  however,  showed  little  improvement  over  those  runs 
with  only  steel  present.  The  very  small  neutralization  number  and  viscosity  increases 
obtained  with  the  copper-steel  combination  might  be  indicative  of  syr.ergistic  action,  but 
the  reproducibility  of  these  test  results  is  not  sufficiently  reliable  to  justify  this  conclu¬ 
sion.  Wlien  silvei;-plated  steel  was  introduced  into  tlie  fluid,  the  stability  imparted  was 
of  the  same  order  as  when  copper  metal  was  present. 

The  effect  of  Individual  metals  on  the  stability  of  Uie  ether  at  650“F  was  determined. 

In  48-hour  runs,  only  barium,  of  the  metals  investigated,  was  at  ail  effective;  it  permitted 
a  viscosity  increase  of  256  percent  and  a  neutralization  number  of  1.0.  Neither  copper, 
steel,  nickel,  monel,  nor  chromium  prevented  gelation  of  the  fluid.  With  cobalt  powder 
present,  the  fluid  presented  a  tarlike  appearance  after  oxidation,  as  was  the  case  pre¬ 
viously  with  tlie  camphorate  ester. 

At  dOO^F  the  ether  displayed  a  significant  response  to  the  stabilizing  effect  of  copper 
toluate,  and  copper  toluate  together  with  a  strip  of  steel;  in  48-hour  runs  the  viscosity 
increases  and  neutralization  numbers  were  remarkedly  small,  averaging  12  percent  and 
0.17  respectively.  However,  when  the  run  was  extended  to  168  hours,  tlie  combination  of 
copper  toluate  and  steel  did  not  prevent  gelation.  A  marked  degree  of  oxidation  stability 
was  likewise  imparted  to  the  ether  by  ceric  toluate  in  0.05  percent  concentration;  after 
48  hours  at  600‘’f  the  neutralization  number  increase  was  of  the  order  of  1.0  and  the 
100“f  viscosity  increase  was  81  npreent.  Although  very  little  additional  toluate  appeared 
to  go  into  solution  wlien  the  concentration  was  raised  to  0.1  percent,  the  neutralization 
number  was  one -third  and  the  viscosity  increase  one -half  that  of  the  ether  with  the  lower 
concentration  of  additive. 

At  650“f,  the  toluates  or  benzoates  of  barium,  cerium,  nickel,  lead,  praseodymium, 
manganese,  cobalt,  chromium,  titanium,  and  ytterbium  each  di.splayed  significant  anti¬ 
oxidant  activity.  On  balance,  mangane.se  benzoate  and  barium  toluate  (despite  the  rela  ¬ 
tively  large  neutralization  numbers  tiiat  resulted)  offered  tlie  most  substantial  protection 
to  the  ether  primarily  because  in  both  instances  the  oil  was  clear  and  substantially  free 
of  sludge, anddid  not  incur  a  large  viscosity  increase.  Of  those  additives  which  displayed 
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Table  4 

^tloxldant  Activity  of  Metola  ajKl  Organometal  Compounds  in  Bis(phenoxy-phenoxy)benzene 


Temp 

("F) 

Test 

Period 

(lir) 

Metal  or  MeUtl-Salt'* 
(wt  percent) 

MeUl  Wt  (3iget 
(percent) 

ou 

Loss 

(wl  percent) 

Viscosity 
Increase 
at  100“F 
(perr<»nt) 

Neutralization 

Number 

Increase 

Final  Sample  Appearance 

500 

72 

1.0 

5.8 

n  no 

•"lark  amber 

572 

72 

- 

- 

7.1 

t 

0.36 

Opaque,  black 

GG07 

40 

?.7 

C-?lled 

Gelied 

600 

48 

3.8 

Gelled 

i 

Gelled 

800! 

48 

Steel 

<+0.1 

1.8 

132 

0.47 

Opaque,  black 

600 

48 

Steel 

nil 

2.8 

239 

0.49 

Opaque,  black 

600  f 

48 

Copper 

-0.3 

<1.0 

96 

0.45 

Claque,  black 

600 

48 

Copper 

-0.1 

3.8 

81 

C.41 

Opaque,  black 

600 

48 

Copper 

+0.2 

$ 

22 

0.28 

Opaque,  black 

Steel 

+0.1 

(K)0 

48 

Silver-plated 

steel 

<~0.1 

<1.0 

114 

0.47 

Opaque,  black 

600 

48 

Steel** 

+0.1 

5.1 

361 

0.66 

Claque,  black 

600 

48 

Cu(Tol)(0.1) 

8.9 

tl 

0.17 

Opaque,  black,  sludge 

600 

48 

C'u(Tol)(0.1) 

- 

Steel 

-.1 

14 

14 

0.15 

Opaque,  black,  sludge 

600 

168 

C-u(Tol)(0.1) 

- 

Steel 

+0.1 

15 

Gelled 

S 

(Celled 

600 

48 

Ce(Tol)(0.05) 

- 

3.4 

81 

0.68 

Opaque,  lilack,  sludge 

600 

48 

Ce(Tol)(0.1) 

- 

5 

26 

0.39 

Opaque,  black,  sludge 

650 

48 

Copper 

tt 

10 

Gelled 

Gelled 

650 

48 

Steel 

ft 

3.5 

Gelled 

Gelled 

650 

48 

Barium 

s 

4.0 

256 

1.0 

Opaque,  amber 

650 

48 

Nickel 

4.0 

Gelled 

§ 

Gelled 

G50 

48 

Cobaittt 

i 

4.8 

5 

Tarllke 

rs50 

48 

Monel 

-0.1 

7.2 

Oiled 

Gelled 

G50 

•18 

Chromium 

<-0.1 

6.4 

Oiled 

Gelled 

050 

48 

Co(Ton(0.1) 

- 

2.3 

27 

nU 

Opaque,  black,  sludge 

050 

48 

Ou(Tol)(0.1) 

4.9 

Oiled 

Gelled 

650 

48 

NKDenzXO.l) 

1.0 

12? 

0.03 

Opaque,  amber,  sligin  sludge 

650 

48 

Pb(Renz)(0.I) 

•• 

0.7 

279 

0.06 

Opaque,  amber,  slight  sludge 

6S0 

40 

Pr(rol)(0.l) 

•• 

3.8 

63 

0.06 

Opaque,  amber,  sludge 

650 

48 

Mn(Benz)(0.l) 

•• 

10 

52 

0.09 

Clear,  green-amber 

650 

48 

Co(Benz.)(0.l) 

- 

6.4 

83 

0.08 

Opaque,  amlxr,  sludge 

650 

48 

Crd'olXO.l) 

.. 

4.0 

130 

0.18 

Opaque,  amber,  sludge,  lactiuer 

650 

48 

Cr(Ben2-.)(0.l) 

3.6 

103 

0.2 

Opaque,  amber,  sludge 

650 

48 

l8a(Tol)(0.l) 

.. 

1.2 

65 

0.80 

Clear,  amb.?r 

650 

48 

Da(DNNS)(0.U 

- 

.3.2 

Oiled 

ijelled 

050 

48 

TKTolXO.l) 

'*.0 

353 

0.32 

Opaque,  amt>cr,  slight  lacquer,  sludge 

050 

48 

Yb(Tol)(0.1) 

_ -• 

4.0 

* 

0.22 

Opaque,  amber,  sludge 

Additive  abbreviations 

Co(Tol)  >  Cerium  (IV)  toluate 
CuCrol]  .  Copper  (II)  toluate 
Ns  (Benz)  -  Nic)<el  (ll)  benzoate 
Pb(Denz)  -  Lead  (II)  benzoate 
iM(Tol)  -  Praseodymium  (HI)  toluate 
7rlii(Duii4)  -  Man^ancuc  (LI)  benzoate 
(yO(B(.-nz)  -  Cobalt  (11)  benzoate 
Cr(lol)  -  Chromium  (111)  toluate 
fh  (nenz)  -  Chromium  (HI)  benzoate 
Ha(Tol)  Uarjum  (II)  toluate 

na(PNNS)  -  ISarium  (Q)  dinonylnaphthalene  auWonale 
Ti(ioi)  .  Titaiuum  (lY)  toiuate 
Yb{iol)  -  Ytterbium  (III)  toluate. 

tA  dash  indicated  'he  absence  of  metal. 

'  Too  viscous  to  measure. 

§Nol  determined. 

yPcrcolatC'l  ihrour^h  Florlsll  and  aiui»ina. 

'  ’St.iI'.leGS  r.t.-cl . 

itiv.rt-’.'  xpt-Ciiueu  i.eavUy  r  <.oi  v.i . 

!  1  In  powde  r  fu;  ii>. 
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antioxidant  activity,  lead  benzoate  and  titanium  toluate  permitted  the  largest  viscosity 
increases,  279  and  353  percent  respectively.  The  only  toluate  which  offered  no  protection 
to  the  ether  was  that  of  copper;  likewise,  barium  dinonylnaphthalene  sulfonate  did  not  pre¬ 
vent  gelation  of  the  fluid. 


DISCUSSION 

Silicones,  fluoroesters,  and  polyphenyl  ethers  are  all  so  stable  that  comparatively 
elevated  temperatures  are  required  to  effect  their  oxidation.  Therefore,  significant  reac¬ 
tion  products  may  be  so  short-lived  as  to  be  difficult  or  impossible  to  identify.  Consider¬ 
ation  of  the  well-known  oxidative  reactions  of  the  aliphatic  diesters  may  serve  to  illus¬ 
trate  this  latter  point  (20).  The  overall  reaction  rate  of  these  fluids  is  a  function  of  peroxide 
concentration;  at  any  specified  temperature  the  peroxide  content  rises  to  a  maximum  and 
then  falls  off  rather  sharply  as  secondary  reactions  become  significant.  As  the  oxidation 
temperature  is  raised,  a  peak  concentration  is  more  rapidly  attained  and  the  subsequent 
decrease  is  more  precipitate.  Finally,  a  temperature  is  reached  (ca.  450‘’f)  above  which 
peroxides  are  difficult  to  detect  because  they  are  so  rapidly  destroyed.  In  the  case  of 
silicones,  peroxides  have  been  postulated  as  high -temperature  reaction  products  (1). 
Nevertheless,  at  the  temperatures  at  which  such  peroxides  are  presumed  to  form  (above 
500“f)  they  are  evidently  ton  short-lived  to  be  detected  by  conventional  chemical  methods. 
The  polyphenyl  ethers  may  be  an  exception  to  this  generalization  regarding  short-lived 
high -temperature  reaction  products,  since  they  are  reported  to  generate  stable  free 
radicals  above  600‘’f  (26,27).  Although  these  radicals  have  been  detected  by  electron 
paramagnetic  resonance  spectroscopy,  their  precise  molecular  configuration  has  not  been 
determined. 

The  difficulties  associated  with  the  identification  of  the  initial  high-temperature  oxi¬ 
dation  reaction  products  of  fluoroesters  and  polyphenyl  ethers  apply  also  to  the  elucida¬ 
tion  of  the  mechanism  responsible  for  the  inhibition  imparted  by  metals  and  organometal 
salts.  Nevertheless,  certain  assumptions  may  be  reasonably  made.  For  one  thing,  prob¬ 
ably  the  activities  of  only  the  salts  are  relevant  to  the  inhibition  process  since,  at  the 
elevated  temperatures  employed  in  the  present  investigation,  bulk  metals  undoubtedly 
react  with  oxidation  products  of  the  base  fluids.  The  resulting  superficial  layers  of  salts 
would  be  at  least  sli^itly  .soluble  in  the  fluid.  It  may  be  further  speculated  that  the  usual 
catalytic  role  of  metal  salts  is  reversed  in  the  subject  fluids  and  instead  of  oxidation  pro¬ 
ceeding  by  an  electron  transfer  to  a  metal  ion  (possibly  as  a  complex)  from  a  hydroperoxide 
(5),  the  ion  has  the  general  attributes  of  an  energy  sump,  interrupting  tlie  autocataljdic 
oxidation  chain.  Thus,  the  consequent  deactivation  of  the  chain-propagating  entity  (hydro¬ 
peroxide,  free  radical,  or  energy-rich  particle)  would  drastically  curtail  the  overall  oxi¬ 
dation  rate  of  the  base  fluid. 

It  is  apparent  from  the  present  study  that  traditional  concepts  of  factors  affecting 
the  oxidation  stability  of  petroleum  or  aliphatic  diester  lubricants  may  not  automatically 
be  assumed  valid  for  fluids  of  different  chemical  constitution.  In  particular,  the  presently 
accepted  level  of  stability  of  fluoroesters  and  polyphenyl  ethers,  as  determined  in  the 
specification  tests,  would  probably  not  correlate  well  with  their  stabilities  in  an  operating 
gas-turbine  engine,  hi  laboratory  tests,  copper  metal  is  traditionally  present  to  promote 
deterioration  of  the  fluids,  whereas  for  precisely  the  sam.e  reason,  copper  metal  and  its 
alloys  are  rigorously  limited  as  materials  of  engi.ne  construction.  The  ironic  fact  is  that 
copper  at  high  temperatures  is  a  potent  antioxidant  for  these  fluids  and  they  would  display 
a  higher  degree  of  .stability  in  the  laboratory  where  copper  is  present  than  in  an  engine 
v/here  copper  is  absent. 


One  then  may  reasonably  speculate  whether  other  experimental  conditions  for  the 
evaluation  of  lubricant  stability,  hitherto  taken  for  granted,  should  net  be  rc-e.xamined  to 
determine  their  precise  effect  o.n  the  fluid.  Among  the  factors  v/hich  migiit  merit  such 
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re  examuiation  are  the  effcet  of  lijthi  and  the  infiuenee  of  glass,  for  example,  the  eompo- 
■sition  of  glass  containeis  has  been  shown  io  affeel  signifieantly  the  room  temperature 
■Storage  stability  of  aii  eraft  fuels  (10). 


SUMMARY 

The  diseovery  has  been  made  at  Uiis  l.aboratory  as  to  Uie  beneficial  effect  of  certain 
metals  and  organometal  salt.s  on  the  oxidation  stabilities  of  a  poiyphenyl  ether,  and  three 
iluui  ualcuiioi  esiei  s  uf  jjolyba.sii..  ctuiu.s.  Tlit-  i  lmin.»<iicuhols  (y/'--aicoiiois)  wui  e  of  the 
general  formula  HJCF^-CF,)  CHjOf. 

In  the  absence  of  metal!;,  esters  of  il  nietliylglutaric  and  camphoric  acids  were  unstable 
at  437''f  and  seriou.sly  degraded  at  •18?.'’l' .  Out/danding  improvement  in  tlie  stability  of  the 
eiders  wa.s  obtained  at  437'’f  in  the  pi-e.sencc  ol  copiper,  either  alone  or  togotlier  with  steel 
and  silver-  plated  steel.  At  the  re.sitonse  of  both  fluids  to  coijper  was  good,  but  steel 

or  sil vei--plated  sleei  ;;lio\ved  no  inhil>iiory  effeel.  Bariiim^  monel,  and  chromium  each 
prevented  significant  deg.iadation  of  Hie  campliorate  ;d  183‘f,  llio  iormer  being  the  most 
I  ifectivo  with  re:;pect  to  cieanline.ss  ol  the  fluid.  The  activity  of  cobalt  was  marginal; 

kel  permitted  tl'e  flnid  to  gel  The  bisf-y-'  amyl)  ester  ol  the  aromatic  l!,?.'-diphenic 
■leid  was  inlierently  .so  .slalile,  even  al  017' s’,  (iml  tlie  only  improvement  imparled  to  it  by 
eopper  was  a  lps.yening  of  evolved  thioi  ide,-;.  Al  G4d''l’  Ihe  e.sier  underwenl  e.xlensivo 
liyrolysia  regardless  ot  Ihe  presenei’  of  copper. 

V:irum:>  rolatively  insoluble  urganoenprii  salts  .iiarkefiiy  impi'oved  file  483‘'F  stabil- 
iiy  of  boiii  IIk'  3-  nielliylglularati'  and  the  eainphorafe  flnoroi'.slcr';.  The  copiier  compounds 
invostigaled  were  llu!  (il''-heplyi)3-mclliyli',hda rale,  '-licpdyi ihydixigcn  3  mclhyiglutaraie, 
phonylsl earate,  totuale,  and  portliiorouiideeanoalc.  In  the  cnmphoralc  esler,  the  benzoates 
or  loUiule.s  of  Hie  following  nietabi  all  di.splayi.-d  antioxidant  ueiivily  at  48?.''f''  to  varying 
degrees:  bai  ium,  nickel,  cliromium,  coliali,  manganese,  pra.seodymium,  titanium,  ytterbium, 
and  stnmlium,  Ot  lhe.se  the  mo!;l  elleciive  was  baiium  toluate.  Cerium  disaiicyJalpropyl- 
■iie  diamine  and  cerium  (ly'  h('plyl)  hydrogen  .!  cnelhviglntarale  also  di.splayed  effective 
miubilioii  in  tiic  camphoraie  al  this  iem()eraiiire, 

rile  poiyplieiiyl  ether  slodted  was  a  mixed  isomer  ot  bis([i)ienoxy-plieno.';y)benzeiic, 
li'e  uiela  isomer  lieing  pnidoininant.  vVilh  no  nieials  present,  tin-  fluid  gelled  when  exposed 
Io  tiOO"F  for  48  hour!;.  Alttiougli  either  steel  or  silver -plated  steel  provpnled  gelation  of 
Ihe  fluid,  copper,  cupric  toluate,  and  ':,.ru:  loluaio  were  more  effective  in  preventing 
ihickening  of  the  thud.  At  (il>0'’F;  barui.n  prevented  gelation;  copper,  stool,  nickel,  monel, 
chromium,  and  cobalt  had  no  antioxidant  activily.  tfic  toluates  or  benzoates  of  cerium, 
nickel,  lead,  praseodymium,  manganese,  cobalt,  cliromnun,  titanium,  ytterbium,  and 
bai'i'am  all  disiilaycd  uigntlicanf  antioxidant  aclivity:  tlic  most  effective  -were  manganese 
benzoate  and  barium  toluate.  Copper  loluaio  and  bai  ium  diiionylnaphthalene  sulfonate 
boih  permitted  the  ether  to  'gel. 

The  opposite  roles  played  !)y  nietal.s  soch  a;;  eopper  -a.s  ani  ioxidants  hi  fluoroesl  ers, 
iiolyphenyl  ethers,  and  silicone.s,  or  a:;  proo.xidants  in  aliphatic  and  petroleum  oils,  call 
fur  more  careful  examination  ot  ilioir  use  in  the  laboi  alor  .'  evaluation  of  lubricant  -ila  - 
hility.  It  v/i’ii  lie  necessary  t.i  know  Hit  specific  effect  of  such  metals  before  Ihe  inherent 
.staliility  and  probable  service  nlility  ol  new  luhricant  fluids  tai.  be  reliably  assessed. 

■file  rc-sulC-,  reportod  iiorem  demoTi-strate  Uic  -jm-.sual  and  on.t. standing  high-tompcrat-aic 
antioxidanf  properties  of  conain  inelals  and  organometal  compounds  in  fluoroesters  and 
poiyphenyl  ethers.  A  program  n.  now  in  progress  to  .syntliev  ize  more  sululilc  compounds, 
not  only  of  the  metals  reported  iiei  e,  hul  of  oHiers  being  inve.sligated,  to  improve  furtlier 
the  slalhlities  of  fluorocsiers,  aromatic  ethers,  and  other  tugli  temperaliire  fluids.  Suit  ¬ 
able  studie.s  of  the  inhibition  meclianisms  involved  may  yield  informatiun  leading  to  the 
selection  and  syiitliesis  of  even  more  efficient  antioxidants. 
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